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Solidification/Stabilization (S/S) is an effective way to immobilize toxic metals in 16 
contaminated soil. However, utilization of ordinary Portland cement (PC) in this 17 
process has raised environmental concerns owing to the high carbon footprint from 18 
PC manufacturing and the risk of toxic element leaching in the long term. Hence there 19 
is an urgent need to seek for “green” immobilization approaches with long-term 20 
stability. In this study, a clay-based material, humic acid modified montmorillonite 21 
(HA-Mont) was applied to a Cd and Hg contaminated soil. Field emission scanning 22 
electron microscopy combined with energy-dispersive X-ray spectroscopy 23 
(FESEM/EDS), N2 adsorption-desorption, Fourier transform infrared (FTIR) 24 
spectroscopy and X-ray diffraction (XRD) analyses were performed to investigate the 25 
characteristics of this material. Compared to the soil without any treatment, dosage of 26 
5% HA-Mont could effectively reduce Cd and Hg concentrations by 94.1% and 93.0%, 27 
respectively and to below the regulatory limits in the TCLP (Toxicity Characteristic 28 
Leaching Procedure) leachates. Compared to the soil treated with virgin 29 
montmorillonite, HA modification resulted in the reduction of leachate concentrations 30 
of Cd and Hg by 69.5% and 65.9%, respectively. Long-term immobilization 31 
performance of the HA-Mont treatment was examined using a quantitative 32 
accelerated ageing method. In order to examine the ageing features, a novel method 33 
based on conditional probability was developed, and the reliability of HA-Mont 34 
immobilization was found to fit the Weibull model well, as the ageing rate of 35 
immobilization effect increased with time. After 120 years of ageing, reliability of both 36 
metals could still remain above 0.95. Cd concentration in TCLP leachates at 120th 37 
year could still remain below the regulatory limit (294 μg/L vs 1000 μg/L), while Hg 38 
concentration reached the regulatory limit of 200 μg/L in 96th year. This is the first 39 
attempt developing a green S/S method of Cd and Hg contaminated soil using 40 
HA-Mont and examining the long-term ageing characteristics of the stabilized soil 41 
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1. Introduction 50 
Soil contamination is a major environmental problem, posing risks to human health 51 
and ecosystems (Bampa et al. 2019; Duval et al. 2019; Ma et al. 2019; O'Connor et al. 52 
2019; Wang et al. 2019b). In China, it is estimated that about 16.1% of soils contained 53 
toxic metals and organic contaminants exceeding soil quality standards (MEP 2014). 54 
Toxic elements in soil could cause severe health problems (Zhang et al. 2019). 55 
Among the contaminants, toxic metal(loid)s such as mercury (Hg), cadmium (Cd), 56 
lead (Pb), arsenic (As), and chromium (Cr) are of significant concerns owing to their 57 
severe effect to humans and other organisms. For instance, Hg is regarded as one of 58 
“ten leading chemicals of concern” by the World Health Organization (WHO 2017). It 59 
has been proven that mercuric cation, Hg2+, can cause damage to kidney and lung, 60 
while the organomercuric form impairs brain function (Clarkson and Magos 2006). Cd 61 
can cause softening of the bones and kidney failure (i.e. Itai-itai disease) (Rizwan et al. 62 
2018; Shen et al. 2019c). Remediation of soil Hg and Cd contamination can be 63 
achieved by conventional methods such as soil washing (Sierra et al. 2010), 64 
cement-based solidification/stabilization (S/S)(Shen et al. 2019a), containment 65 
(NJDEP 2014) and electrokinetic removal (Figueroa et al. 2016). However, with the 66 
emergence of “green and sustainable remediation” (GSR) movement, “greener” 67 
remediation methods are encouraged in order to assure the sustainability of the 68 
remediation process (Hou et al. 2016; Hou and Al-Tabbaa 2014; Krzywoszynska 2019; 69 
Song et al. 2019; Zhang et al. 2020). It is therefore imperative to explore remediation 70 
technologies with lower carbon footprint and higher net environmental benefit. 71 
Solidification/stabilization is a cost-effective approach aiming at immobilizing toxic 72 
metals through physical encapsulation and chemical stabilization. Based on the types 73 
of amendments in this process, S/S can be divided into several categories such as 74 
cement-based S/S, lime-based S/S, thermoplastic method and polymerization method 75 
(Wang et al. 2012). Among these types, Portland cement (PC) is the most widely used 76 
owing to its universal applicability and low cost (Wang et al. 2018b). However, 77 
cement-based S/S aggravates carbon footprints. It is estimated that PC production 78 
accounts for 8% of global anthropogenic CO2 emissions (0.66-0.82 t CO2/t) (Shen et 79 
al. 2015). In addition, long-term stability of cement-based S/S is often overlooked 80 
(Jing et al. 2019; Shen et al. 2019a).  81 
A variety of novel S/S agents have been investigated in recent years, such as biochar 82 
(O'Connor et al. 2018; Shen et al. 2019b), geopolymer (Dassekpo et al. 2018), 83 
layered double hydroxides (Hudcova et al. 2019), apatite (Markovic et al. 2019) and 84 
clay minerals (Chen et al. 2019). Clay minerals are plentiful in nature. Owing to the 85 
high specific surface area, excellent stability and tunable interlayer characteristics, 86 
clay minerals have been studied extensively as sorbents (Mukhopadhyay et al. 2019), 87 
and recent studies have examined the feasibility of using clay minerals as 88 
immobilizing agents in soil remediation processes. For instance, a study by Liang et al. 89 
(2019) used mercapto-modified attapulgite for the remediation of Cd contaminated 90 
alkaline agricultural soill. It has been found that addition of 0.2 wt. % modified 91 
attapulgite could effectively reduce Cd concentration in TCLP leachates by 16.3%, 92 
and surface complexation rather than liming was the fundamental stabilization 93 
mechanism. Another study by Wang et al. (2019a) developed a clay-based S/S 94 
method using metakaolin-lime mixture for As and Pb immobilization. Addition of 15wt. % 95 
of mixture could successfully reduce leachate As and Pb concentrations by 96.2% 96 
and 98.8%, respectively, owing to the enhanced hydration of clay induced by lime. In 97 
general, mechanisms involved in clay-based S/S approaches may include surface 98 
complexation (Liang et al. 2019), liming & precipitation (Wang et al. 2018a), 99 
ion-exchange (Li et al. 2018) or induced encapsulation & fixation (Wang et al. 2019a), 100 
depending on the type of clay (section 3.4) and modification strategies. 101 
Montmorillonite [(0.5Ca,Na)0.7(Al,Mg,Fe)4[(Si,Al)8O20](OH)4·nH2O] is a kind of 2:1 clay 102 
mineral composed of two tetrahedral sheets of silica sandwiching a central octahedral 103 
sheet of alumina (Rumble et al. 2018). It can adsorb metals effectively through ion 104 
exchange in the interlayers of 2:1 sheet. However, raw montmorillonite has shown 105 
poor stabilization performance, as the immobilized metals can be exchanged and 106 
released in the long term (Brown et al. 2013). In order to improve the adsorption 107 
capability of montmorillonite, various attempts have been made through inserting 108 
functional groups and organic matters between the layers. Quaternary ammonium 109 
cations (Bhattacharyya and Sen Gupta 2008), L-cystein (Mittal et al. 2016), humic 110 
acid (Wu et al. 2011) as well as other agents have been used for montmorillonite 111 
modification, but these studies solely investigated the adsorption performance in the 112 
aqueous phase. Therefore, extending their utilization to metal-contaminated soil 113 
stabilization may well serve as an effective approach in achieving GSR. 114 
One critical issue in S/S processes is the long-term stability. Although short-term 115 
immobilization has proven to be satisfactory in most cases, numerous environmental 116 
factors will affect the stabilization performance in the long run. One method to 117 
evaluate the temporal effect of immobilization approaches is to simulate real 118 
occurrences of specific environmental stresses in laboratory via quantitative 119 
accelerated ageing tests (Shen et al. 2018a). However, although the influence of 120 
ageing on metal mobility was investigated, the ageing features (i.e. ageing rate and 121 
stabilization reliability) were poorly understood. Therefore, a method to describe or 122 
predict the ageing characteristics of stabilization processes is needed. 123 
In this context, humic acid modified montmorillonite was selected as an immobilization 124 
agent for a Cd and Hg contaminated agricultural soil. A novel method based on 125 
conditional probability theory was developed to describe the ageing features of the 126 
stabilization process. This study intends to: (1) reveal the effect of humic acid 127 
modification on the interlayer characteristics of montmorillonite and its adsorption 128 
performance; (2) quantitatively investigate the Hg and Cd stabilization efficiency in the 129 
long term; (3) describe the ageing characteristics of the immobilization processes, 130 
and validate the applicability of this novel material for long-term green stabilization. 131 
2. Materials and methods 132 
2.1 Materials 133 
Commercially available montmorillonite (hereinafter referred as Mont) was purchased 134 
from Aladdin Company Co. Ltd. All chemicals (analytical grade) such as humic acid, 135 
cadmium(II) nitrate tetrahydrate [Cd(NO3)2·4H2O], CH3COOH, mercury(II) nitrate 136 
monohydrate [Hg(NO3)2·H2O], NaOH, HNO3, NaNO3 were purchased from Macklin 137 
Company Co. Ltd. 138 
2.2 Synthesis of humic acid modified montmorillonite 139 
Humic acid-modification was conducted in batch experiments. Humic acid of 0.5 g 140 
was dissolved in 1 L 0.1 M NaNO3, with pH adjusted to 8.5 with HNO3 and NaOH. 141 
Montmorillonite powders of 3 ± 0.001 g were added to 300 mL HA solution in a 500 mL 142 
conical flask (1:100 solid to liquid ratio). All the weightings were conducted on an 143 
electronic balance with a precision of 0.001 g. Mixtures were shaken in a thermostatic 144 
mechanical shaker (298 K, 170 r/min) for 24 h. The solid separation was then 145 
performed via centrifugation at 4000 r/min, and washed with deionized water. The 146 
solids (hereinafter referred as HA-Mont) were then air-dried in a fume hood to reach a 147 
constant weight (~24 h). 148 
2.3 Batch adsorption experiments 149 
The HA-Mont was subjected to sorption tests in aqueous solutions. Cd2+ and Hg2+ 150 
solutions were prepared separately using analytical grade Cd(NO3)2·4H2O and 151 
Hg(NO3)2·H2O and deionized water. The influence of pH on Cd and Hg adsorption 152 
behavior was examined in a wide range of pH (i.e. 3-11). In the batch adsorption tests, 153 
HA-Mont of 0.1 g was added to 10 ± 0.01 mL (1:100 solid to liquid ratio) of 100 mg/L 154 
Cd2+ and Hg2+ solution for each sorption test. Mixtures were then shaken for 24 h at 155 
298 K. Effects of initial Cd & Hg concentration and time were also examined in order 156 
to study the adsorption isotherm and adsorption kinetics. The isotherm study was 157 
conducted at different initial concentrations of Cd2+ and Hg2+ (i.e. 0.1, 0.5, 1, 10, 50, 158 
100 mg/L, pH = 8.4 in accordance with soil pH) with a 1:100 solid to liquid ratio and 159 
the equilibrium time was set as 24 h. The adsorption data was fitted by Freundlich 160 
model (Eq. 1): 161 
      
 
                                     
where    represents solid-phase metal ion concentration at equilibrium (mg/g),    162 
represents liquid-phase metal ion concentration at equilibrium (mg/L), while n and K 163 
represent the Freundlich isotherm constant.  164 
Influence of contact time (30 min, 60 min, 3 h, 10 h, 18 h and 24 h) was investigated at 165 
initial concentrations of 100 mg/L Cd2+ and Hg2+ to infer the adsorption kinetics. At the 166 
designated time intervals, the supernatant was separated from the mixture via 167 
centrifugation (at 4000 r/min for 5 min) and then filtration with 0.45 μm membrane 168 
syringe filter. Pseudo-second order model (Eq. 2) was used to describe the adsorption 169 
kinetics of HA-Mont: 170 
   
    
  
       
                     
where    and    (mg/g) represent solid-phase metal ion concentration at time t (min) 171 
and equilibrium, respectively.    (g·mg
-1·min-1) is a constant.  172 
2.4 Soil treatment 173 
The soil was collected from an agricultural field (top 30 cm) in a suburban area of 174 
Beijing. Soil properties are listed in Table 1. The soil was then air-dried in a fume hood, 175 
ground and sieved to <2 mm. To examine the initial metal concentrations, the soil was 176 
digested in accordance with USEPA Method 1631 (USEPA 2001). The initial Cd and 177 
Hg concentrations were determined to be 0.08 and 0.025 mg/kg, respectively. The soil 178 
was then spiked to a contamination level of 100 mg/kg Hg and 100 mg/kg Cd as per 179 
O'Connor et al. (2018). Briefly, 1 L of 100 mg/L Cd2+&Hg2+ solution was added to 1 kg 180 
virgin soil. The mixture was then thoroughly homogenized in a sealed bag, and put in 181 
a tray and air-dried for 7 days (0.4% final water content). Soil conductivity and pH 182 
were measured in a 1:20 soil:deionized water slurry (wt.:vol.). Particle size distribution 183 
of the soil was determined using a laser particle size analyzer (LS13320, Beckman 184 
Coulter Inc., US) in the dry mode. According to the United States Department of 185 
Agriculture Classification System, the texture of the soil was sandy loam. Total organic 186 
matter content of the soil was analyzed by a TOC analyzer (TOC-V, Shimadzu, 187 
Japan). 188 
Table 1 Physiochemical properties of the soil used in this study. 189 
Property Valuea 
pH 8.44 ± 0.02 
Electrical conductivity (μS/cm) 90.43 ± 0.29 
Total organic matter content (%) 1.72 ± 0.03 
Clay (<0.002 mm, %) 2.46 ± 0.01 
Silt (0.002-0.05 mm, %) 34.25 ± 0.09 
Sand (0.05-2 mm, %) 63.29 ± 0.10 
Total Cd (mg/kg)b 0.08 ± 0.01 
Total Hg (mg/kg)b 0.025 ± 0.002 
a mean ± standard deviation, n=3. 190 
b prior to spiking 191 
 192 
Dosages of 1%, 2%, 5%, 8% Mont and HA-Mont were applied to the Cd & Hg 193 
artificially co-contaminated soil, and homogenized in a sealed bag. Each sample was 194 
incubated with 40 wt. % water content (water to dry soil) (O'Connor et al. 2018; Shen 195 
et al. 2019b), including an untreated sample of contaminated soil. Both treated and 196 
untreated samples were incubated at constant moisture at 298 K for 7 days, and dried 197 
in a fume hood for a further 7 days to reach a constant weight (final moisture < 1.4 198 
wt.%). 199 
2.5 Leaching and ageing processes 200 
In order to investigate the mobility of Cd and Hg after HA-Mont amendment, TCLP 201 
(Toxicity Characteristic Leaching Procedure) leaching test (USEPA 1992) was 202 
conducted. Diluted CH3COONa solution (initial pH 4.93 ± 0.05) was selected as the 203 
buffer solution, and the mixture was subjected to leaching for 18 h at 296 K with a 204 
liquid to solid ratio of 20:1. Immediately after the leaching procedure, the supernatant 205 
was separated through centrifugation (4000 r/min, 5 min) and filtration (0.45 μm). 206 
Decrease in leachate metal concentrations (DLMC) of different dosages can be 207 
calculated by Eq. 3: 208 
        
    
  
                           
Where    refers to the leachate concentrations without HA-Mont addition, c 209 
represents the leachate metal concentrations under different dosages. 210 
A quantitative artificial ageing method was adapted from Shen et al. (2018a) to 211 
simulate the effect of rainfall. In brief, CO2 saturated water (pH=5.6) was prepared via 212 
injecting CO2 into deionized water at 0.3 MPa for 15 min. Assuming 1 m
3 of soil 213 
receives 2000 mm rainfall annually, it can be calculated that 1 g dry soil receives 214 
1.538 mL rain water in 1 year (bulk density 1.3 g/cm3). In each wetting process, 215 
artificially prepared rain water was added to the soil sample at a solid to liquid ratio of 216 
1:12.304, and shaken for 8 h at 75 r/min. According to the calculation, one wetting 217 
cycle simulates 8 years of rainfall’s effect on the treated soil. The liquid was discarded 218 
after the wetting cycle, and the soil was then air-dried for approximately 24 h prior to 219 
the next wetting cycle. A total of 15 wetting-drying cycles were conducted. 220 
2.6 Characterization 221 
Inductively coupled plasma mass spectrometry (ICP-MS) (Thermo Fisher iCAP RQ) 222 
was used to measure Cd and Hg concentrations in the filtrates after dilution and 223 
acidification. Field emission scanning electron microscopy (FESEM) (GEMINISEM 224 
500, ZEISS, Germany) (SE2 mode, 15 kV) was used to investigate the morphology of 225 
Mont and HA-Mont. The surface chemical compositions of Mont and HA-Mont was 226 
analyzed by energy-dispersive X-ray spectroscopy (EDS). Their specific surface 227 
areas were determined by N2 adsorption-desorption at 77 K (Autosorb-1MP, 228 
Quantachrome, US) using the BET method. Mont and HA-Mont were degassed at 229 
105 °C for 12 h. Pore volume and pore size were given by the DFT equation. Fourier 230 
transform infrared spectra (FTIR) of samples were recorded using the KBr pellet 231 
method, over the wavenumber range of 4000 cm-1 to 400 cm-1 with 4 cm-1 resolution 232 
(NICOLET 870, NICOLET, US). X-ray diffraction (XRD) analysis, operating at 40 kV 233 
and 40 mA from 3°-90° 2θ using a diffractometer (D/max-2500, Rigaku, Japan) with 234 
CuKα radiation (λ=0.15406 nm), were also performed after sieving (<0.048 mm) of 235 
Mont and HA-Mont to examine the changes of interlayer spacing.  236 
3. Results and discussion 237 
3.1 Material characterization 238 
3.1.1 FESEM and EDS analyses 239 
The morphology of the virgin montmorillonite and HA-Mont were shown in Fig. 1. After 240 
modification, montmorillonite particles surfaces became much smoother and 241 
appeared to stick together while in the virgin sample, small platelets were observed 242 
and particles were disintegrated. As shown in Table S1, the major elements on the 243 
surface of montmorillonite were O, Si and Al. Al3+ was replaced by Mg2+ in some 244 
aluminum octahedral layers (Ni et al. 2018).  245 
 246 
 247 
Fig. 1. Morphology and EDS scanning diagram of (A) montmorillonite and (B) humic 248 
acid modified montmorillonite. 249 
 250 
 251 
3.1.2 BET analysis 252 
The adsorption-desorption isotherms of montmorillonite and HA-Mont are presented 253 
in Fig. S1. According to the International Union of Pure and Applied Chemistry (IUPAC) 254 
classification system, the isotherms belong to Type IV isotherm, indicating 255 
mesoporous structures of montmorillonite and HA-Mont. The hysteresis loop reveals 256 
that at higher P/P0, evaporation and capillary condensation took place, indicating 257 
mesopores filling completion (Kuila and Prasad 2013). Specific surface area, average 258 
pore diameter and pore volume were presented in Table 2. After modification, the BET 259 
surface area decreased from 58.5 to 45.5 m2/g. This is probably because the layer of 260 
humic acid blocked the original pores in the interlayer of montmorillonite. A decrease 261 
in pore diameter and pore volume confirmed this hypothesis. The BET results were 262 
consistent with the FESEM observations, as the clay particles were covered by a 263 





Table 2 Textural properties of montmorillonite and HA-Mont determined by nitrogen 269 
adsorption-desorption.  270 
Sample Surface area (m2/g) Average pore diameter Pore volume 
(nm) (cm3/g) 
Mont 58.5 13.5 0.156 
HA-Mont 45.5 9.91 0.113 
 271 
3.1.3 Adsorption study 272 
Effect of initial solution pH on the adsorption efficiency is presented in Fig. 2, showing 273 
better affinity of Cd(II) with HA-Mont than Hg(II). The maximum removal rates of Cd(II) 274 
and Hg(II) were 97.6% and 83.9%, respectively. For Cd(II) adsorption, the removal 275 
rate increased with the initial solution pH from 3 to 11. It is also noteworthy that 276 
HA-Mont remains a high adsorption efficacy (>95%) across a wide range of initial 277 
solution pH (i.e. 7-11). This is because the increase of OH- concentrations increased 278 
the negative charged sites on the interlayer surface of humic acid layer, resulting in an 279 
increased adsorption efficacy (de Pablo et al. 2011). Under more acidic conditions, H+ 280 
will cause competitive adsorption (i.e. preferential protonation), reducing the amount 281 
of Cd(II) and Hg(II) sorbed to HA-Mont. 282 
 283 
 284 
Fig. 2. Influence of initial solution pH on adsorption of Cd and Hg by HA-Mont. 285 
 286 
Fig. 3(a) depicts the isothermal sorption characteristics of Cd(II) and Hg(II) at different 287 
initial metal concentrations at 298 K. The derived parameters of Freundlich model are 288 
presented in Table S2. The isotherm adsorption results indicate that both Cd(II) and 289 
Hg(II) sorption to HA-Mont is nonideal adsorption on heterogeneous sites, which is 290 
consistent with previous studies summarized in Table 3. Humic acid is a kind of 291 
natural organic matter with various structures (Manahan 2017). As is presented in 292 
Table 3, after modification by ligands with complicated structures, the surface of clay 293 
minerals become more heterogeneous (adsorption tends to switch from monolayer 294 
adsorption to multilayer adsorption). For instance, a study by Zauro and Vishalakshi 295 
(2018) used pentin graft co-polymer montmorillonite composite for Cu2+, Pb2+ and 296 
Hg2+ adsorption. The isotherms were Freundlich-type owing to the complicated 297 
structure of graft copolymer gel. As for the virgin montmorillonite, the adsorption 298 
behavior mostly follows the Langmuir-type, owing to the homogeneity of the 299 
interlayers between the 2:1 structures of this mineral (Liu et al. 2018; Stefan and 300 
Stefan 2009; Wu et al. 2009). 301 
 302 
 303 
Fig. 3. (a) Cd and Hg adsorption isotherm of HA-Mont, and (b) Effect of time on Hg 304 
and Cd adsorption (kinetics). 305 
 306 
The effect of contact time on Cd(II) and Hg(II) adsorption is shown in Fig. 3(b). Owing 307 
to the numerous adsorption sites of HA-Mont, adsorption of both metals increased 308 
sharply initially. The adsorption rate decreased after 200 min and plateaued as the 309 
number of available adsorption sites decreased. The derived parameters of this 310 
model are presented in Table S3. A lower    value was observed for Hg(II), indicating 311 
that Hg(II) adsorption rate was slower than that of Cd(II). As shown in Table 3, most of 312 
the studies involving Cd(II) and Hg(II) adsorption by minerals observed that 313 
adsorption data can be best described by pseudo-second order model. This finding 314 
indicates that in mineral-based sorption processes, the rate-limiting step tends to be 315 
adsorption rather than diffusion (Shi et al. 2019). 316 




 adsorption kinetics and isotherms by 317 
mineral-based adsorbents. 318 
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 319 
3.1.4 FTIR spectra 320 
Fig. 4 presents the FTIR spectra of humic acid solid and the adsorbents before and 321 
after the batch adsorption test. The humic acid contains various oxygen-containing 322 
functional groups such as hydroxyl, carbonyl and ester. As for the virgin clay and 323 
modified sorbent, the wide band at wavenumber 3627 cm-1 represents the stretching 324 
vibration of structural Al-OH groups in the octahedral structure of Mont and HA-Mont 325 
(Long et al. 2013; Wu et al. 2011). The wide band appeared at 3433-3452 cm-1 326 
reveals the stretching vibrations of water (Skoog 2018). After humic acid modification 327 
and metal adsorption, this absorption band shifted to higher wavenumber. This is 328 
because humic acid decreased the interlayer spacing, thus decreasing the interlayer 329 
water content (Skoog 2018; Wu et al. 2011). The 1639 cm-1 peak represents the 330 
bending vibration of H2O. The strong absorption peak around 1039-1043 cm
-1 was 331 
because of the stretching vibrations of Si-O tetrahedral sheet, and peak at 1082 cm-1 332 
was attributed to stretching vibrations of Si-O amorphous silica (Madejova 2003). The 333 
peak at 916 cm-1 was attributed to bending vibrations of Al2OH (Madejova 2003), and 334 
the peaks at 521 cm-1 and 463-469 cm-1 represent Si-O-Mg and Si-O-Fe vibrations, 335 
respectively (Ni et al. 2018). After modification, the 3627 cm-1, 1082 cm-1 and 1039 336 
cm-1 bands remained, indicating that the intrinsic 2:1 lamellar structure of 337 
montmorillonite was not damaged. Owing to ion exchange between Na+/Ca+ and 338 
Cd2+/Hg2+, several absorption peaks related to interlayer H2O shifted (Wu et al. 2011). 339 
As can be seen, intensity of hydroxyl increased slightly after humic acid modification. 340 
However, as signals of montmorillonite Si-O and humic acid C-O are overlapped, it is 341 
hard to distinguish between Si-O and C-O groups of HA-Mont. 342 
 343 
 344 
Fig. 4. FTIR spectra of Mont, HA-Mont, HA-Mont after 100 mg/L Cd2+ adsorption,  345 
HA-Mont after 100 mg/L Hg2+ adsorption, and humic acid. 346 
3.1.5 XRD analysis 347 
The XRD tests were performed before and after humic acid modification and metal 348 
adsorption to investigate the changes of interlayer spacing of montmorillonite. The 349 
interlayer spacing was calculated following the Prague equation (Zolotoyabko 350 
2014)(Eq. 4): 351 
                          
Where d represents the interlayer spacing,   represents the wavelength of X-ray,   352 
represents the glancing angle, and n is a positive integer. In this case, the 001 peak 353 
was used (n=1). 354 
As is shown in Fig. 5, the basal spacing of the virgin montmorillonite was determined 355 
to be 1.528 nm. The 001 characteristic peak shifted slightly to the right after humic 356 
acid modification, indicating a smaller interlayer distance due to the adsorption of 357 
humic acid on the interlayer of montmorillonite. In addition, as the number of 358 
hydrophobic functional groups increased, the water content between the layers 359 
decreased, leading to a decreased spacing (Ni et al. 2018). It is also noteworthy that 360 
after modification, the intensity of 001 peak decreased. This is probably because the 361 
surface became more heterogeneous as the crystalline structure decreased 362 
(Guinebretiere 2007). In addition, peak broadening was observed after modification, 363 
indicating the crystal size became larger owing to humic acid adsorption (Skoog 364 
2018). 365 
 366 
Fig. 5. X-ray diffractograms of Mont, HA-Mont, HA-Mont after 100 mg/L Cd2+ 367 
adsorption and HA-Mont after 100 mg/L Hg2+ adsorption. 368 
3.2 TCLP soil leaching 369 
Cd and Hg concentrations in TCLP leachates are presented in Fig. 6. A higher dosage 370 
of amendments results in lower leachate concentrations of both metals. Addition of 371 
the virgin montmorillonite decreased the TCLP concentrations of Cd and Hg, but the 372 
immobilization effect was much weaker compared to that of HA-Mont. After humic 373 
acid modification, the leachate concentrations of Cd and Hg reduced by 69.5% and 374 
65.9%, respectively, compared to that of virgin montmorillonite (at a dosage 5 wt.%). 375 
This is because the immobilization mechanism of virgin montmorillonite was mainly 376 
cation exchange and physisorption (Giese 2002; Yang et al. 2017). After humic acid 377 
modification, Cd and Hg could bind to more sites such as amine, hydroxyl, carboxyl 378 
and carbonyl through complexation, and the aromatic rings of humic acid promoted 379 
the cation-π interactions. As is shown in Fig. 6, an optimum dosage of 5 wt.% 380 
HA-Mont could immobilize both metals effectively, and the leachate concentrations of 381 
both metals were below the TCLP regulatory limits for non-hazardous wastes.  382 
 383 
Fig. 6. TCLP leaching results: (A) leachate Hg concentrations and the TCLP 384 
non-hazardous regulatory limit for Hg (200 μg/L), (B) leachate Cd concentrations and 385 
the TCLP non-hazardous regulatory limit for Cd (1000 μg/L). Detection limit: 0.04 μg/L 386 
for Cd; 0.02 μg/L for Hg. 387 
 388 
As shown in Fig. 6 and Fig. 7, although a dosage of 8% could reach a higher DLMC, 389 
the addition of 5% HA-Mont can effectively reduce the leachate Cd and Hg 390 
concentrations to below the TCLP non-hazardous regulatory limits. For both 391 
amendments, DLMC of Cd is higher than that of Hg under different dosages. This 392 
could be due to that the electronegativity of Cd is lower than that of Hg (1.7 vs 1.9). 393 
When metal ions form coordinate bonds, the difference in electron negativity of Cd 394 
and electron donors (i.e. O and N) were greater, indicating that the bond polarity of Cd 395 
complexes are higher (Weller 2018). 396 
 397 
 398 
Fig. 7 Enhancement of Cd and Hg immobilization by amendment of montmorillonite or 399 
HA-Mont. 400 
 401 
3.3 Accelerated ageing 402 
A total of 15 wetting-drying cycles were conducted to simulate 120 years of ageing 403 
after HA-Mont assisted soil stabilization. TCLP leaching was conducted after each 404 
drying cycle, and the leachate metal concentrations are presented in Fig. 8, showing a 405 
monotone increasing trend with simulated time. After 120 years, leachate Cd 406 
concentrations could still remain below the TCLP regulatory limit. In the 96th year, 407 
leachate Hg concentration just reached the regulatory level of 200 μg/L. The results 408 
indicate that HA-Mont is promising in stabilizing both metals. 409 
 410 
Fig. 8. Leachate metal concentrations under 120 years of accelerated ageing. The red 411 
line represents the TCLP regulatory limit for Hg (200 μg/L), while the black line 412 
represents the TCLP regulatory limit for Cd (1000 μg/L). 413 
 414 
Although several studies have utilized accelerated ageing to examine the stabilization 415 
performance of amendments, the ageing features were poorly investigated. Thus we 416 
put forward a new method to investigate the long-term effectiveness of the 417 
immobilization process. Metal immobilization can be simplified as the binding between 418 
metals and certain functional sites. Assuming that at the beginning of the ageing 419 
process (0th year), the reliability of binding is 1 (all of the bindings were effective). With 420 
ageing, owing to the complicated environmental stresses such as rainfall (Shen et al. 421 
2018b), oxidation (Sheng et al. 2019) and freeze-thaw action (Hafsteinsdottir et al. 422 
2011), some of the bindings are destabilitzed and thus decreasing the immobilization 423 
effect. This process can be described using the conditional probability theory: 424 
   
   
               
 
                          
In Eq. 5, a binding at time t works effectively, until it breaks at time t+h. Thus   refers 425 
to the ageing rate during the time interval of h. According to the probability theory, if 426 
the ageing rate is a constant    (the ageing of immobilization is not relevant to time), 427 
this process can be described using an exponential model. Its reliability [R(t)] can be 428 
described as follows: 429 
                                
However, under field conditions, the ageing rate cannot be a constant. This process 430 
can better be depicted using the Weibull distribution (Rosin and Rammler 1933): 431 
   
   
               
 
         
                                     
If m=1, this model can be simplified as an exponential model. 432 
The reliability function can be described as follows: 433 
          
   
       
 
                      
The reliability of HA-Mont immobilization under 120 years of accelerated ageing is 434 
presented in Fig. 9. Compared to the exponential model (Adj. r2=0.953 and 0.811 for 435 
Cd and Hg, respectively), the Weibull model could better describe the ageing features 436 
of this process (Adj. r2=0.984 and 0.979 for Cd and Hg, respectively), which reveals 437 
the increased distortion rate of the immobilization effect with time. 438 
 439 
Fig. 9. Reliability of Cd and Hg immobilization under 120 years of accelerated ageing. 440 
 441 
The value of α for Cd and Hg were 1.53 and 2.05, respectively, indicating that the 442 
ageing rate   for Cd increases much slower than that of Hg. After 120 years of 443 
ageing, reliability of both metals could still remain above 0.95, demonstrating the 444 
excellent long-term immobilization performance of HA-Mont. 445 
3.4 Discussion 446 
According to the arrangement of silica and alumina sheets in the crystal structure, 447 
clay minerals can be broadly divided into 1:1 and 2:1 types. A variety of clay minerals, 448 
such as sepiolite (2:1), palygorskite (2:1), kaolinite (1:1), montmorillonite (2:1) and 449 
vermiculite (2:1) have been applied for metal stabilization (Xu et al. 2017). It is 450 
noteworthy that most of the clay-based adsorbents were 2:1 type. This is probably 451 
because 2:1 type clay minerals possess a higher surface area, higher ion exchange 452 
capacity as well as wider interlayer spacing, compared to 1:1 clay minerals (Bailey 453 
1966; Chen et al. 2019). For instance, the strong hydrogen bond between the surface 454 
hydroxyl and oxygen atom of kaolinite, a typical 1:1 clay mineral, restricts its cation 455 
exchange capacity (only 3-15 cmol/kg). Besides, d001 of kaolinite was only 0.7 nm, 456 
making it impossible to contain cations between layers. These characteristics lead to 457 
a relatively low surface area. Compared to kaolinite, montmorillonite possesses a 458 
higher specific surface area, and adsorbate can not only sorb onto the outer surface 459 
but also the interlayers. The dominant force between two sandwich layers is van der 460 
Walls force, which is weaker than hydrogen bond, making it possible for ion exchange 461 
within the interlayers. In this study, an increase in interlayer spacing was observed 462 
after HA modification, and the weak force made the modification process much easier. 463 
Several mechanisms are involved in clay-based metal stabilization process, of which 464 
ion exchange plays a vital role. For instance, montmorillonite 2:1 sheet is negatively 465 
charged owing to the substitution of silicon by aluminum in the tetrahedral layer, and 466 
substitution of aluminum by magnesium in the octahedral layer, favoring sorption of 467 
metal ions between the sandwich layers for charge balance (Wu et al. 2011). In 468 
addition, surface hydroxyl groups of clay minerals (i.e. Al-O-H, Fig. 4) also promote 469 
adsorption through complexation (Xu et al. 2017).  470 
However, natural clay minerals usually possess poor stabilization capability and suffer 471 
from a rapid diminishing of the immobilization effect with ageing. For instance, a study 472 
by Wu et al. (2016) used sepiolite for Cd and Pb immobilization in a paddy soil. It was 473 
found that the effect on exchangeable Pb decreased in 3 years. In light of these, 474 
humic acid was selected in the present study to improve the immobilization 475 
performance as well as the long-term effectiveness of clay mineral-based soil 476 
stabilization process. Humic acid was a kind of natural organic matter, which 477 
possesses a variety of nitrogen and oxygen-containing functional groups, including 478 
hydroxyl, carbonyl, carboxyl, cyan, amide and ester (Manahan 2017). The 479 
complexation between metals and these functional groups can greatly improve the 480 
long-term effectiveness of metal immobilization (Lwin et al. 2018; Xu et al. 2017). In 481 
addition, Cπ-cation interactions between metals and aromatic rings of humic acid also 482 
promoted adsorption (Tran et al. 2017; Xia et al. 2019). The results from the present 483 
study clearly showed that humic acid modification of montmorillonite promoted both 484 
the short-term and long-term immobilization performance of Cd and Hg in a soil, 485 
which could be ascribed to the mechanisms mentioned above. Although unmodified 486 
montmorillonite could immobilize both metals through ion exchange, physisorption 487 
and surface complexation (with structural hydroxyl groups), humic acid could 488 
significantly promote the immobilization performance, since the surface complexation 489 
was enhanced by oxygen-containing functional groups provided by humic acid. 490 
It is of note that in field conditions, more parameters contribute to the ageing process. 491 
Apart from rainfall, other environmental factors such as freeze-thaw cycles, 492 
groundwater flow, and microbial activity may also affect the long-term effectiveness of 493 
stabilization processes. Therefore, the artificial ageing method is suggested to take 494 
more environmental factors into account, in order to perform a better prediction. 495 
Besides, if long-term monitoring data of a certain S/S treated field can be acquired, it 496 
may be helpful to judge whether an accelerated ageing method is suitable as 497 
compared with data from the field. 498 
4. Conclusions 499 
A green immobilization amendment, humic acid modified montmorillonite, was 500 
synthesized and used for Cd and Hg stabilization in soil. FESEM, EDS, BET, FTIR 501 
and XRD results reveal that humic acid was introduced to the interlayer of 502 
montmorillonite successfully. The adsorption behavior of both metals was well-fitted 503 
by Freundlich isotherm model and pseudo-second order kinetics model. When 504 
applying HA-Mont to a spiked Cd & Hg co-contaminated agricultural soil (100 mg/kg 505 
Cd and 100 mg/kg Hg), both metals could be effectively stabilized. A dosage of 5% 506 
HA-Mont could effectively reduce the leachate metal concentrations below the TCLP 507 
non-hazardous criteria for both metals. Compared to the virgin montmorillonite, a 508 
dosage of 5% HA-Mont could effectively reduce the leachate Cd and Hg 509 
concentrations by 69.5% and 65.9%, respectively and both below the TCLP 510 
regulatory limits for non-hazardous wastes. A novel approach using the conditional 511 
probability theory to describe the ageing characteristics of the treated soil was 512 
proposed. The Weibull model was found to describe the ageing characteristics well 513 
using the simulated ageing tests due to rainfall actions. HA-Mont could immobilize 514 
both metals effectively in the long term, since the reliability of both metals remained 515 
above 0.95 after the simulated 120 years of ageing. It was suggested that future 516 
research should examine the stabilization performance of HA-Mont at the field scale 517 
and also compare and link artificial ageing results with available field ageing data. 518 
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 A novel clay-based Cd and Hg stabilization approach was proposed. 
 FESEM/EDS, BET, FTIR, XRD results reveal the characteristics of HA-Mont. 
 Quantitative accelerated ageing was adopted to examine the long-term stability. 
 Ageing features of immobilization processes were depicted by a Weibull model. 
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